Abstract-This paper presents a novel interrogation system that combines multiple millimeter wave transmitters and receivers to create real-time high-resolution radar images for personnel security screening. The main novelty of the presented system is that the images can be created as the person being screened continuously moves across a corridor where the transmitters and receivers, working in a fully coherent architecture, are distributed. As the person moves, the transmitters and receivers are sequentially activated to collect data from different angles to inspect the whole body. Multiple images, similar to video frames, are created and examined to look for possible anomalies such as concealed threats. Two-dimensional (2-D) and three-dimensional (3-D) setups have been simulated to show the feasibility of the proposed system. The simulation results in 2-D have been validated using measurements.
Millimeter Wave Imaging Architecture for
On-The-Move Whole Body Imaging
I. INTRODUCTION

I
N homeland security applications, there is an increasing demand for methods to improve personnel screening for concealed object and contraband detection at security checkpoints. In this context, active nearfield millimeter-wave (mm-wave) imaging radar systems are able to provide highresolution imaging at an affordable cost. The object of interest is first illuminated by mm waves and then the scattered field is measured and processed to reconstruct the surface (or volume) of the object.
The development of checkpoints that allow high passenger flow is becoming a priority. This has motivated the design of mm-wave imaging systems that minimize passenger inconvenience.
The International Air Transport Association (IATA) has defined several specifications that future checkpoints for personnel screening should meet. Novel paradigms in the design of the checkpoints specify that "from 2020 and beyond it is envisaged that the passenger will be able to flow through the security checkpoint without interruption unless the advanced technology identifies a potential threat," [1] (page 14).
In [1] , a computer graphics design of the checkpoint of the future proposed by IATA is presented. The novelty with respect to existing architectures is the inclusion of a beltway or hallway to avoid passenger flow interruption.
Current state-of-the-art mm-wave imaging systems for security screening require people to enter and stand in front of the scanning system. Mm-wave generation and acquisition can be achieved using static arrays of transmitters and receivers [2] , [3] , or using movable arrays to create planar [4] , [5] , or cylindrical [6] - [8] acquisition domains. Most of them are based on monostatic radar and Fourier inversion [2] - [6] . Monostatic imaging systems are cost effective, but they are only able to reconstruct surfaces that create specular reflection and they are not well suited for imaging scattering objects with sudden profile variations [9] . Further, they are prone to dihedral artifacts as described in [8] , [10] , and [11] .
Based on the new checkpoint architecture proposed by the IATA, this paper introduces a novel concept for mm-wave scanning system for personnel screening. The proposed imaging system does not include any mechanical movement, and whole body imaging is obtained taking advantage of the movement of the person under test when passing through the system on a moving walkway.
The main contribution of this paper is the introduction of this novel architecture, called on-the-move imaging [12] , [13] , that, to the best of the author's knowledge, has not been previously conceived nor demonstrated. This paper is structured as follows. Section II describes the proposed mm-wave screening system. Imaging algorithm for multistatic setups is briefly described in Section III. Proof-ofconcept is validated through two-dimensional (2-D) simulation examples in Section IV, and measurement results in Section V. Extension to two-dimensional (3-D) whole human body imaging is described and validated in Section VI. Finally, the conclusion is presented in Section VII.
II. ON-THE-MOVE HALLWAY CONCEPT
The novel mm-wave on-the-move imaging system for personnel screening takes advantage of: 1) the movement of the person when passing through the imaging system and 2) a mulstitatic radar configuration, where some of the transmitters and receivers are separated with a subtended angle relative to the person equal or greater than 90
• to capture information from all possible wave incident and scattering angles.
A top view of the suggested multistatic architecture is plotted in Fig. 1 . Several transmitters (red dots) and receivers (blue dots) are placed on the sides of the hallway. The person moves along the security checkpoint on a moving walkway.
The imaging radar system takes advantage of multiple incidence angles that illuminate different areas of the person depending on the active transmitter and the placement of the person within the hallway, as illustrated in Fig. 1 . A single transmitter can illuminate different areas of the person while crossing the hallway. Reciprocally, the scattered field is collected by different receivers depending on the transmitting element and the current position of the person. This is illustrated with the red and blue arrows in Fig. 1 that represent direct reflection contributions given by the incident angle and the normal to the surface according to Snell's law.
Multistatic information can be incremented by placing transmitters at the hallway ends. For practical implementation, this would partially block the persons path. This is solved in the 3-D case placing the receivers at the hallway ends below and above the moving walkway.
For every transmitter, the scattered field is collected on the receiving arrays placed on the hallway sides, and for every receiving array, a reflectivity image is recovered. The reflectivity images associated with each transmitter are coherently combined. This configuration assumes that, for a single position, the body remains still while all the transmitters are sequentially activated and the scattered field is collected by the receivers. In this sense, and since the acquisition on the receivers can be done in parallel, the use of a low number of transmitters is desirable. A fully electronic scanning system similar to the one in [3] would easily allow for such an acquisition procedure.
A critical aspect in the design of the imaging system is the selection of the frequency band. Table I shows a comparison among the proposed hallway concept and some of the existing mm-wave scanning systems. It can be observed that, for a given size of the scanner, higher frequency bands provide better cross-range resolution, at the expense of losing dynamic range due to free-space propagation losses. Furthermore, clothing becomes less transparent for these higher frequency bands, and radiofrequency hardware becomes more expensive. The work presented in [5] addresses the aforementioned drawbacks introducing an ultra-wideband (UWB) imaging system. In addition to the improved range resolution and dynamic range, the novelty of this study is the fact that the sampling rate can be relaxed by taking advantage of grating lobes cancellation in UWB arrays, which will be of interest concerning practical implementation of the on-the-move architecture.
III. IMAGING ALGORITHM
Practical mm-wave scanning system implementation demands real-time imaging capabilities. Standard backpropagation techniques [14] require millions of calculations for electrically large acquisition and imaging domains. To illustrate the numerical magnitude of the problem, typical values for acquisition points and imaging voxels are 10 5 and 10 7 , respectively, assuming an operational frequency of 30 GHz (λ = 1 cm) and sampling every half wavelength in both domains according to Nyquist criterion. The reflectivity function on a volumetric domain ρ t (x , y , z ) can be recovered from the scattered field E t scatt (f, x, z) acquired on a flat receiving aperture placed at y = Y 0 , by solving the following integral equation [9] , [14] , when the tth (with t from 1 to N tx ) of a group of transmitters is active
where
) denotes the position of the tth point source-like transmitter, k = 2πf /c, y-axis is the range axis (depth), x-and z-axes are horizontal and vertical cross ranges, and f is the frequency.
Fast propagation techniques, such as the inverse fast multipole method, have been proposed [15] , reducing the calculation time by several orders of magnitude. Moreover, (1) can be parallelized taking advantage of GPU hardware. However, these solutions are still too computationally expensive for applications requiring real-time imaging.
Fourier-based techniques have been widely used in monostatic setups for real-time imaging [3] - [5] , thanks to the fact that plane wave incidence can be considered during the inversion. Multistatic setups require different Fourier processing as the transmitter and receiver are placed in different positions. A novel Fourier-based imaging technique, totally suitable for the proposed hallway-based on-the-move imaging system, is presented in [9] . The idea is to decompose the imaging domain in smaller regions where an incident spherical wave can be locally treated as a plane wave. Imaging calculations for every region can be carried out in parallel, without jeopardizing the required real-time capabilities of the multistatic imaging system. When multiple transmitters are used, the final reconstruction for a certain voxel placed in (x , y , z ) can be obtained by combining the images generated by each transmitter as
This formulation assumes all the transmitters and receivers work in a fully coherent configuration using a clock signal that provides common phase reference.
IV. 2-D RESULTS
The proposed on-the-move imaging is first validated using a 2-D example. The frequency band ranges from 15 to 30 GHz, sampled every 300-MHz frequency steps and providing 1-cm range resolution. panel of receivers, thus resulting in N tx = 10 transmitters. The described layout is plotted in Fig. 2 . The essential aspect is that, in order to image the entire body surface, for every transmitter, receivers on both walls must receive the scattered waves (not just those adjacent to a given transmitter.)
The object under test (OUT) models the cross section of a human body torso (for a more realistic simulation, arms, and waist are not connected), with three attached objects on it represented as protrusions on the front, back, and arm. The object in the front is an elliptical cross-sectional metallic object. Dielectric objects ( r = 3.5) are placed on the back (square cross section) and on the right arm. The OUT is displaced from the position x = −0.8 m to x = 0.8 m in 40-cm steps obtaining N pos = 5 intermediate positions. For every position, the ten transmitters are sequentially activated and the scattered field is collected in the receiving points. A realistic composition of the human body tissue is considered [16] , using a finite-difference frequency-domain (FDFD) code [17] , [18] to calculate the scattered field for every transmitter and every OUT position. FDFD simulation results have confirmed that, due to the high conductivity of the skin in the frequency band of interest, the assumption that the OUT is a perfect electric conductor (PEC) is a good approximation for most cases.
The data are then used to create one reflectivity image for each intermediate position, ρ p according to (1) and (2) . The imaging domain is an (X, Y ) = (0.4, 0.6)m rectangle, discretized in 81 × 121 pixels and centered in (x p , y p , z p ). In this case, the computational cost is low and the image is recovered using the standard backprogation algorithm in (1). For every pth OUT position and tth active transmitter, the image is recovered in about 1 s using a conventional laptop (2.5-GHZ CPU and 4-GB RAM memory). As the 2-D imaging code is not parallelized yet, it takes about 50 s for the entire reconstruction.
The obtained images for two different active transmitters when the OUT is in each of the intermediate positions are presented in Fig. 3 . It is clear that each transmitter allows the reconstruction of different areas of the body depending on its relative position inside the imaging system. The image obtained for the central position, combining the images created using all the transmitters according to (2) , is presented in Fig. 4 . The reflectivity image created by the system at each position is obtained as
where the reflectivity of all the positions is centered at the origin of coordinates before being combined. Absolute value is used since the position of the OUT relative to the imaging system can slightly change from position to position, which prevents the (3), and when the object retains exactly the same configuration for all positions and it is only displaced in the x direction. This proves the ability of the proposed system to obtain a complete contour reconstruction. In general, the images used for threat detection in a final configuration would be the ones generated in each position as the one in Fig. 4 .
Combining the information from multiple transmitters and positions also helps to increase the dynamic range of the system. Sensitivity analysis has been performed: first, the recorded signal strength in the receiving arrays for every transmitting element and OUT position has been evaluated. The case in which maximum power is recorded corresponds to the OUT at the central position illuminated by the center transmitters. The minimum power levels are recorded for the OUT in positions 1 or 5 illuminated by the closest pair of transmitters, as only a small fraction of the scattered field is collected by the arrays. The received power difference between these two cases is 11 dB.
Next, noise has been added to the field samples according to different signal-to-noise ratio (SNR) levels relative to the maximum-recorded power case. Figs. 3-5(a) correspond to SNR = 10 dB, and Fig. 5(b) to SNR = −20 dB. Thanks to the combination of multiple OUT positions and incident directions, the resulting mm-wave imaging system is able to work with low SNR.
The capability of imaging multiple users within the hallway has been also evaluated. For this purpose, the OUT placed at the center position (as in Fig. 4) is considered, but with two more OUTs (with no attached objects) at x = 0.7 and x − 0.7 m, a scenario that could correspond to a high passenger throughput situation. Due to the use of FDFD simulations, multiple reflections among OUTs are considered. Results are depicted in Fig. 6 . It can be noticed that, with respect to Fig. 4 , the center OUT is worse imaged due to the multipath effects. It it also possible to create the image of the front and the back of the OUTs placed at x = 0.7 and x = −0.7 m, and these results are not affected by multipath as much as the center OUT.
In order to compare this work with current state of the art systems, Fig. 7 presents the obtained image when the same contour is facing a line containing the transmitters and receivers. In this case, different areas of the front of the contour cannot be recovered and the area that is reconstructed is much smaller than the one of Fig. 4 . Concerning detection capabilities, note that the dielectric object placed on the arm is hardly detected in Fig. 7 as the energy is not scattered back to the receiving array. In the case of the on-the-move system, it can be better detected (see Figs. 4 and 5) , as it is possible to find a configuration along the conveyor belt in which the energy is reflected in the dielectric-skin transition, then backscattered to one of the receiving arrays. This 2-D example proves that, in the proposed on-the-move layout, the fact that some of the transmitters and receivers are separated with a subtended angle relative to the person equal or greater than 90
• provides information from all possible wave incident angles.
V. VALIDATION WITH MEASUREMENTS
The proposed on-the-move imaging concept has been validated with measurements. Ka frequency band (26.5-40 GHz) has been selected to avoid hardware switching between different frequency bands. In order to ensure the maximum illumination within the hallway, WR-28 open-ended waveguides are selected as antennas. The setup is mounted on an XYZ table measurement range [19] , so some mechanical restrictions apply to the placement of the OUT, transmitters, and receiving positions (Fig. 8) . In order to take advantage of the whole span of the XYZ measurement range, scattered field samples are collected in 161 points ranging from x = −0.6 m to x = 0.6 m, placed at Y 0 = 0 m and Y 0 = 1.3 m . Five transmitting positions are interleaved among the receivers, thus resulting in N tx = 10 transmitting positions. Transmitters and receivers are separated 5 cm in height. Horizontal polarization is considered to reduce coupling between transmitter and receiver. The imaging setup is depicted in Fig. 8 : two transmitters and two receivers are connected to the ports of a vector network analyzer. The power reference level is 0 dBm for all the ports. For every receiving position along the x-axis, four S-parameters are measured, as shown in Fig. 8 , corresponding to the combination of each transmitter with both receivers.
The positioner of the XYZ table is used to move the receivers from each side of the hallway at the same time, as shown in Fig. 8 . The pair of transmitters is manually placed at five positions along the x-axis, using the XYZ positioner as reference. For every pair of transmitting positions, acquisition time takes 3 min, and therefore, overall acquisition time for every OUT position is 15 min.
The OUT, shown in Fig. 9 , is an aluminum foil-covered plastic bin with a metallic bar attached to one of the sides. Due to its translation symmetry in z-axis, it allows for 2-D analysis in an XY plane placed at (z = h tx + h rx /2), where h tx is the height of the transmitters, and h rx the height of the receivers. As mentioned in Section II, using metal to simulate the human body skin in the Ka band is an acceptable approach due to the high conductivity of the skin in mm-wave frequency bands [16] . Three positions of the OUT were considered.
The same data processing as in Section III has been applied. The image obtained for every position, combining the images created using all the transmitters according to (2) , is depicted in Fig. 10(a) . It can be noticed that, for positions 1 and 3, the front and the back of the OUT are imaged, and the sides of the OUT are visible for position 2. Fig. 10(b) presents the final result combining the three OUT positions according to (3) , where the OUT profile can be observed. In this case, combination is done taking the displacement of each individual image with respect to the center of the imaging domain. In practical, combination of the radar images for different positions of the person in the hallway can be based on video frames, linking video, and radar images.
In addition to the presented results, the measurement setup has been simulated, aiming to evaluate the correspondence between simulations and measurements. Results for position 2 are compared in Fig. 11 . Good agreement between the reconstructed parts of the OUT for simulations and measurements is obtained.
VI. 3-D CONFIGURATION
Next, the extension from 2-D to 3-D is presented. The layout of the proposed on-the-move 3-D system is presented in Fig. 12 . The setup is composed of multiple synchronized transmitters and receivers. Lateral receiving apertures of size (X, Z) = (1, 2) m, are placed at Y 0 = 0.75 m. The size of the panels is chosen to provide an approximated cross-range resolution of 1 cm along the z-axis and 2 cm in the x-axis. For this preliminary setup, Nyquist sampling requirements are considered for the receiving panels, thus acquiring the field in 201 × 401 receiving positions per panel. Subsampling techniques as presented in [2] and [5] combined with a modified FFT algorithm for multistatic imaging with subsampled arrays can be efficiently applied in this setup to reduce the number of receivers in more than 90% [2] , although this analysis is beyond the scope of this contribution. A 15-GHz bandwidth (BW), from 15 to 30 GHz, is chosen, similarly to the UWB imaging system described in [5] . This BW provides and approximate range resolution of 1 cm, although, for near-field radar imaging, besides the frequency and aperture size, the final system lateral and range resolutions are given by (2) and (3) of [20] , respectively.
Hallway scanner dimensions have been selected to provide a resolution similar to other mm-wave scanners, as shown in Table I . It must be reminded that the number of receiving elements can be reduced in the hallway system.
Concerning processing time, the fastest operational mmwave imaging systems listed in Table I are capable to provide detection results in less than 5 s, so the scanning process can take up to 10 s taking into account that the person needs to be placed in a particular position within the scanner. For the presented system, the overall scanning process would be limited by the time the person needs to go through the hallway.
Three arcs of transmitters, centered at x = +1, 0, and −1 m, and each having 20 elements evenly spaced along y-and z-axes, are considered. For the sake of simplicity, only the ones at −1 and 0 m, depicted in Fig. 12 , will be considered to obtain the results in this section. Some of the transmitters are placed on top and below the body to ensure the areas with larger curvature (as the top of the chest and shoulders) are reconstructed.
A physical optics (PO) code [21] , [22] in combination with a visibility algorithm [23] has been used to predict the parts of the body model in Fig. 12 that are illuminated by every transmitter. Also, PO provides the amount of scattered field collected on the panels. Thus, it is possible to evaluate if a certain layout of transmitters is capable of illuminating the entire person after crossing the hallway and to estimate the field scattered by the illuminated areas on the receiving panels. For these simulations, the human body is assumed to behave as a PEC in the 15-30-GHz frequency band.
As an example, Figs. 13 and 14 show the regions of the human body under test illuminated by two different transmitters, as well as the field received on the lateral panels. Note that, even for a single position of the person in the hallway, different areas of the body are illuminated. This layout increases the amount of information thanks to the spatial diversity of the multistatic illumination.
Regarding the inverse method to create images in this system and due to the large computational cost for the imaging, when the backpropagation is implemented in 3-D, the abovementioned Fourier-based technique for multistatic imaging [9] has been used. The efficient use of fast Fourier transforms (FFT) provides 3-D whole body imaging in almost real time using conventional hardware. As an application example to show the performance of the proposed configuration, an OUT consisting on a person carrying a concealed weapon in the belt has been considered. For the sake of simplicity, only two positions are analyzed: person standing at x = 0.25 m and at x = 0.75 m. In this example, the goal is to clearly illustrate the different nature of the multistatic information collected on each position, rather than a rigorous reconstruction of the whole body.
For every position, transmitter, and receiving panel, the amount of data to be processed is: 201 × 401 spatial samples × 121 frequency samples (= 9.75 × 10 6 scattered field samples), which also determines the number of imaging points in the case of Fourier-based imaging [9] . A workstation with 32 cores at 2.1 GHz and 128-GB RAM was used for data processing. Overall calculation time for every transmitter was 30 s (1200 s total for the 40 used transmitters). The processing has been done using a sequential Matlab code and has not been optimized for real time imaging yet.
Imaging results are depicted in Figs Fig. 15 (person placed at x = 0.25 m) , the human body sides and some areas of the chest are imaged by the system. In In the final system, multiple images, as the two presented examples, can be created and analyzed at video rate to detect any possible threats. Algorithms for mesh generation and automatic thread detection, such as the one used in [8] , can be applied.
VII. CONCLUSION
This work presented a novel concept for personnel scanning in airports and other checkpoints. Unlike the current imaging systems, the proposed system allows for continuous movement of the subject while being scanned; this will greatly increase the system throughput when compared with state-of-the-art systems. This improvement is possible thanks to the use of a fully multistatic radar configuration, where some of the transmitters and receivers are separated with a subtended angle relative to the person greater than 90 degrees to capture information from all possible wave incident angles. In this way, the system is able to create a complete contour reconstruction as the person moves inside the system. The use of a small number of transmitters allows for fast image creation as all the transmitters can be sequentially activated in a short amount of time. 2-D and 3-D simulation-based results confirm the good imaging capabilities of the proposed system; 2-D results have also been validated using measurements. Further work will be related with the setup optimization, including the use of sparse arrays and other techniques to reduce the number of receivers, and with experimental validation.
